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I. Introduction
he Air Force Research Lab (AFRL) Structural Sciences Center (SSC) at Wright-Patterson Air Force Base, Ohio, is focused on furthering the understanding and developing the necessary framework to simulate the evolution of extreme-environment structures throughout a hypersonic trajectory. This simulation perspective is necessary to capture the path-dependent environment (structural driving forces) and corresponding structural response in lieu of the traditional aircraft design perspective of superposing the worst possible loading scenarios and conditions in an attempt to produce the most conservative design 1, 2 . Hypersonic, extreme-environment air vehicles require structures that can withstand intense complex loading scenarios. These structural designs will experience extremely high, transient surface temperatures and thermal gradients from flow compression and viscous dissipation, significant dynamic pressure fluctuations due to boundary layer turbulence, engine noise, deformation induced pressures, and long-duration exposure to these environments 3, 4 . Challenges in predicting the response of surface panels on hypersonic vehicles include: (1) the coupling between thermal-fluid-structural response; (2) the identification and modeling of local effects inherent in hypersonic flows; (3) material nonlinearity, temperature dependence and 1 Senior Aerospace Research Engineer, Aerospace Systems Directorate/RQHF, 2790 D Street, Non-Member. 2 Aerospace Research Engineer, Aerospace Systems Directorate/RQHF, 2790 D Street, Non-Member.
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Approved for public release; distribution unlimited. 1 degradation; (4) the spatial variation of material and structural properties; and (5) the uncertainty in loads, material properties, and geometry and boundary conditions. Compounding these analysis and design challenges are the failure modes of high-speed vehicle structures. These structures can fail in high-cycle fatigue due to severe aeroacoustic and mechanical vibration loading, in low-cycle fatigue due to thermal-mechanical loading, and by material degradation due to the extreme thermal environment 5 . The design of efficient structures for hypersonic vehicles requires structural analysts and designers to accurately characterize the environment, and in particular, the aero-acoustic and engine-induced dynamic environment. Maestrello and Linden 6 as well as Coe and Chyu 7 both studied the effects of high-speed flow, including shock boundary-layer interaction, on panel structures. Maestrello noted that impinging shock waves result in severe dynamic loading with the potential for shock oscillations to couple with the air vehicle panel vibratory modes. Coe and Chyu conducted an extensive series of experiments to characterize the dynamic pressure fluctuations for attached and separated flow, and for shock boundary-layer interaction conditions at various Mach numbers. Results of their seminal work have been used to derive aero-acoustic empirical and semi-empirical prediction methods. Pozefsky 8 predicted sonic/acoustic-fatigue prone critical regions on a hypersonic Transatmospheric Vehicle (TAV) noting that the proposed vehicle will experience severe acoustic environments with local flow separation and shock impingement amplifying the expected fluctuating pressures resulting in large out-of-plane deformations (geometric nonlinearity). Dolling 9, 10 notes that shock-wave boundary-layer interaction can have severe impact on high-speed aircraft structures, and further, notes the limitations on predicting that fluctuating pressure environment.
The purpose of this on-going experiment is to investigate the response of an aircraft-like panel in the presence of an impinging, oblique shock-wave and to characterize the resulting full-field pressure and displacement relationships [11] [12] [13] . The goals of this experimental program include: (1) a measure of the turbulent boundary layer and shock impingement/oscillation effects on a compliant panel; (2) a measure of the flow-induced pressure correlation across the panel; (3) the impact of panel vibrations on the near-field fluctuating pressure characteristics; and (4) to explore, and extend where necessary, full-field measurement techniques in order to capture the dynamic loading and nonlinear response of a flexible panel in this high-speed flow environment.
II. Experimental Configuration
The current series of experiments are being conducted in the AFRL Aerospace Systems Directorate large-scale RC-19 supersonic combustion research cell 14 . The RC-19 facility is a continuous flow wind tunnel designed to study the mechanisms that govern the mixing and combustion process for supersonic combustor geometries. The RC-19 research facility was modified two years ago to accommodate the present aerothermoelastic experiment. A sectional view of the tunnel arrangement is shown in Figure 1 . All testing was conducted at Mach 2.0, free-stream dynamic pressures (q ∞ ) of 61.7, 91.4, and 123 kPa, and total pressures of 172, 255, and 345 kPa. Free-stream and stagnation conditions are referenced to the tunnel nozzle exit. The Mach 2 nozzle is located upstream of the test section, while the test section consists of four separate interchangeable walls that can be configured to meet a variety of experimental requirements. For this study, a 305 mm x 152 mm x 12.7 mm block of ANSI 4150 alloy steel was machined to create the compliant panel. A pocket was machined into the block leaving 0.635 mm for the compliant panel thickness over an effective vibration dimension of 254 mm long by 127 mm wide. A rigid, control specimen without a machined pocket was also manufactured. The flexible panel specimen was designed so that an appreciable number of the structural dynamic modes would be below 1000 Hz. The tunnel test-section top-wall was redesigned to accept the compliant panel, and a series of pressure ports were made available for static and dynamic pressure measurements upstream of the panel. Additionally, pressure ports were added to the top section of the Approved for public release; distribution unlimited. This window was used to allow image acquisition using Digital Image Correlation (DIC) to obtain the full field displacements. Equalization of the pressure was necessary to prevent yielding of the panel during tunnel start-up. The sides of the tunnel contained large windows to allow for PSP illumination and implementation of a shadowgraph set-up to visualize the flow. A window was also added to the bottom wall test section to allow for viewing the PSP on the flow-side of the compliant panel. When the shock generator was used, it was placed in the bottom wall of the tunnel turning the flow 8° resulting in a shock wave angle of 39° from the tunnel bottom wall. The shock generator can translate 170 mm in the flow direction to allow for the shock wave to impinge from the compliant panel leading edge to nearly the half-point as shown in Figure 1 . The boundary layer thickness without the shock generator is 7.6 mm where the flow first meets the panel and grows to 10.2 mm at the end of the panel 14 . The top of the panel specimen was prepared for DIC by first uniformly painting the specimen using a standard flat-white paint followed by a hand-applied random pattern of flat-black dots using a permanent, fine-tipped marker. The randomness of the pattern is crucial to avoid spatial aliasing of the digital images which can then lead to displacement measurement bias 15 . The dot pattern was applied to the entire top-surface of the specimen and to one area of the specimen frame so that panel relative displacement measurements could be made. This process was previously demonstrated to provide the greatest displacement range during random, dynamic testing 11 . Further, applying the DIC pattern across the entire top-surface provided the flexibility to interrogate any desired panel location post-test. For all DIC data acquisition the following analysis software, calibration, cameras, and settings were used. The DIC software used in this study was the GOM Optical Measuring Technique's IVIEW Real-Time Sensor for dynamic analysis and ARAMIS for static analysis. Through a collaborative effort between AFRL and GOM the IVIEW program was modified to accommodate the large volumes of images required for randomvibration measurement. The calibration object used was a GOM specific 250 x 200 mm panel with a 150.01 mm calibration scale. The two cameras used in the testing were Photron SA5's with 32 GB of memory and 28 mm lenses set at an aperture of 2.8. The resulting camera calibration produced a measurement volume of 425 x 450 x 450 mm. The calibration deviation was 0.021 pixels and the reported camera angle was 25.8 degrees. The camera resolution for specimen measurement was 768 x 496 pixels and the frame rate was 4000 frames per second (fps). Specimen illumination consisted of a 305 x 305 mm Litepanel which is a panel array of 1152 LED bulbs for a consistent distribution of lighting that also minimizes specimen heating and therefore pre-stress. Two banner white high intensity area lights model LEDRA70D4-XQ were also used to help alleviate shadows caused by the cavity walls. A total of 22.5 seconds at a sampling rate of 4 kHz was recorded using this arrangement.
The bottom or flow-side of the rigid (control) and flexible panel specimens were painted with the fast-response binary FIB PSP paint from Innovative Scientific Solutions Inc 16, 17 applied on the day of testing. In order to accomplish this, it was necessary to remove the panel specimen from the tunnel due to the confined area within the tunnel. After drying, the panel specimen was reinstalled and a structural modal test was performed on the panel to ensure proper installation. Illumination for the PSP was provided by two LM2X-400 LED heads entering through the side windows and triggered "on" 5 seconds prior to image acquisition and turned off after the acquisition of all images was completed. During testing, the change in paint luminescence was related to the partial pressure of oxygen and calibrated to a known reference pressure. The return light from the panel exited through a window in the bottom of the tunnel and was reflected by a mirror to the PSP camera. The camera, also a Photron SA5 with 32 GB of memory, was used to record the full-field PSP pressure measurements (14.5 seconds sampled at 4 kHz) triggered simultaneously with the DIC measurements. The PSP field of view was 195 mm in the flow direction and Approved for public release; distribution unlimited. The experimental procedure began by pulling a vacuum on the tunnel to an approximate absolute pressure of 20.5 kPa. A series of "wind-off" images for PSP were collected at that time. The tunnel was then started by setting the total pressure at the nozzle to the desired value. Before starting the tunnel, the test section was at room temperature so the compliant panel frame, which is not exposed to the flow, required an initial waiting period to achieve temperature equilibrium between the compliant panel and the frame. The temperature difference between the panel and frame induced a transient thermal stress that decayed over time altering the dynamic response of the panel. Laser vibrometry was used to probe the dynamic response of the compliant panel until the dynamic response showed little difference in the power-spectral density (PSD) response over a five minute period. At this point, the cameras used for the 3D DIC and PSP (wind-on images) were triggered at the same time and images recorded for approximately 22.5 seconds at a 4 kHz rate for the DIC and 14.5 seconds at 4 kHz for the PSP images. One consequence of these long-time records (required for spectral analysis and averaging purposes) was the tremendous amount of data (camera images) generated for each RC-19 wind tunnel test run. Simultaneous laser vibrometry data and strain gage data were recorded on a separate data acquisition system for 60 seconds of time at a sampling rate of 20 kHz. Additionally, two more data acquisition systems were employed. One was used to gather static data while the other was dedicated to the fluctuating pressure measurements. The images were then downloaded from the camera memory using separate computers for each of the three cameras to decrease download time to approximately 30 minutes. This process was repeated for each test run. The crowded RC-19 test section and associated testing equipment is shown in Figure 2 . In the present study a 153-point 20x20-averaged pixel facet array was developed to survey the response across the panel and provide sufficient measurement locations for operational modal analysis (OMA) based panel deformation identification. For reference a DIC facet is an area of selected pixels over which the panel response is averaged in turn reducing system noise 18 . The additional patterned area on the specimen frame was used to obtain the relative response of the panel with respect to unwanted but unavoidable tunnel vibration. The panel with the applied DIC pattern, 153-facet DIC array, and single measurement location on the frame is shown in Figure 3 . Approved for public release; distribution unlimited. 
III. Preliminary Results & Discussion
The principal purpose of the experiment was to ascertain the effects of the turbulent boundary layer and shock impingement on the response of the panel specimen while simultaneously recording the full-field surface pressure and panel dynamic displacement. One test condition considered in the present study had the shock generator positioned such that the primary oblique shock impinged on the panel at approximately 1/3 of the panel length downstream of leading edge. This particular shock generator position resulted in the most significant panel dynamic response with panel center displacement and strain standard deviations of 0.089 mm and 78 µε respectively, and peak displacements of 0.36 mm (57% of the panel thickness). The average strain for this experimental flow case was 627 µε, with excursions to 968 µε. The results of this particular test condition and the test condition repeated with heated flow are shown in Figure 4 . The effect of the tunnel differential pressure during the test run is noticeable when observing the stiffening effect on the panel vibration modes. Note that the abscissa includes marks for the frequencies of the unstressed panel vibration modes. These modes, along with accompanying viscous damping values, were measured before testing using a single degree of freedom (SDOF) Rational Fraction Polynomial (RFP) frequency domain modal analysis technique 19 . The techniques are quite straightforward. First the frequency response function (FRF) was estimated from the experimental input and output measurements, where the FRF is defined as the following transfer function:
Next the unknown coefficients, α k and β k , can be solved for in a least-squares sense when the expression is rearranged into the following convenient form:
Approved for public release; distribution unlimited.
The identified scalar coefficients, α k , are next used in the assembly of a companion matrix:
The eigenvalue decomposition of the companion matrix provides the system frequencies and damping, and possibly the mode shapes in the case of the multiple-input, multiple output RFP approach. In the case of a frequency domain approach, the complex eigenvalues (poles) of the companion matrix, λ r = σ r + jω r , consist of the modal damping, σ r , and the damped natural frequency, ω r , for the r th mode. For time domain modal analysis, the eigenvalues of the companion matrix must be logarithmically mapped to the complex domain. The first six measured system frequencies and damping values using this approach are listed in Table 1 . Modal testing was done both before and after testing this specimen in the wind tunnel to quantify any changes to the panel, and there were no substantive changes. In the dynamic response of Figure 4 , clearly the first panel mode dominates the response for both the heated and unheated case. The deflected shapes displayed in Figure 3 are the result of applying output-only modal analysis to the full-field displacement (output) results using the DIC measurements versus the traditional modal analysis procedure just described 20 . The presented deflected shapes are the singular vectors resulting from the decomposition of the Hermitian auto-and cross-spectral density matrix. The DIC measurement points are first transformed into the frequency domain via the Fast Fourier Transform (FFT). The FFT spectral estimation was processed using a blocksize of 2048 data points and a Hanning window with 50% overlap. Next, the auto-and cross-spectral density matrix was populated at the resulting discrete frequencies as follows: Approved for public release; distribution unlimited. 6 where G yy is the ensemble-averaged output DIC spectral density matrix, the main diagonal terms are the autospectral densities while the off-diagonal terms are the cross-spectral densities of the output DIC measurement points. The spectral density matrix is Hermitian so G pq (ω) = G qp * (ω) for p≠q, where the asterisk denotes the complex conjugate. Finally, the spectral density matrix is decomposed at each i th frequency using singular value decomposition (SVD):
where Φ i is a unitary matrix of singular vectors, Φ i = [Φ 1 , Φ 2 , ...,Φ n ], and Σ i is the corresponding matrix of singular values. The singular vectors resulting from the decomposition of the power spectral density matrix approximate the system mode shapes for a lightly-damped system under broadband-excitation. This approach is similar to the Complex Mode Indicator Function (CMIF), where the FRF matrix is decomposed at each frequency using singular value decomposition 21 . The relative magnitude of the singular values at each frequency denotes the relative modal contribution. Each of the operational deflected shapes in Figure 4 corresponds to the maximum singular value for that particular frequency. An obvious benefit of the full-field DIC displacement response is the ability to interrogate a number of points sufficient to describe the deflected shapes as a function of frequency. Note the deformation bias in the panel deflected shapes resulting from the asymmetric shock impingement with the generator in position 1. Note also the frequencies of the unstressed panel modes denoted on the frequency axis and as vertical lines. For this test case, the Mode (1,1) frequency increased approximately 90-Hz. As mentioned, the flexible panel specimen was designed so that an appreciable number of dynamic modes would be excited below 1000-Hz, typical of aircraft structures. Approved for public release; distribution unlimited. 7 Figure 5 shows the corresponding averaged (in space) PSP results for the same flow condition represented in Figure 4 . A 9 by 9-pixel moving spatial average was used for each PSP image recorded during testing. In addition to the full PSP image of Figure 5 , the reduced-size box-section and single point represent the surface area and single-pixel considered in the subsequent analyses. Just like the DIC results, the full-field, high-frequency PSP afforded the opportunity to investigate the compliant panel surface pressure "modes" using both proper orthogonal and dynamic mode analysis 22, 23, 24, 25 . Dynamic mode decomposition (DMD) is a time-domain, nonparametric identification method used to extract the dynamic characteristics (eigenvalues/vectors) from a series of full-field numerical or experimental data snap-shots equally spaced in time. One difference between the RFP modal analysis method previously described and DMD is that DMD does not assume a model form. The data (experimental in this case) is first assembled in the following column-vector format with notation following that of Schmid 25 :
Each column vector represents the spatial information at a discrete and equally-spaced time step. The assumptions of the method are that (1) the snapshot data at time-step N can be described by a linear combination of previous snapshots (causal):
where A is a linear mapping between and − . The DMD process seeks to characterize the dynamics described by this linear mapping. Assumption (2) is that there are sufficient snapshots such that the retained vectors span the data-space. When assumption (2) is realized, the dataset array v N is formulated as a linear combination of the previous, linearly independent vectors:
where r is the residual vector and a i the scalar coefficients that represent the linear relationship between the snapshot vectors. The set of vectors can now be written as:
Pressure (Pa)
where − is the (N-1) th unit vector and S, similar to the experimental RFP modal analysis procedure described previously, is of a companion matrix form, i.e., both methods share the same characteristic polynomial form:
Finally, the eigenvectors, or dynamic modes, of the linear mapping matrix are realized, by definition, as the eigenvectors of the companion matrix pre-multiplied by the snapshot vectors, − . The eigenvalues of the companion matrix, also the eigenvalues of the linear mapping matrix, are mapped to the complex domain resulting in the system frequencies and damping. This approach, while applied relatively recently in the fluids-community, is common to analyses in other disciplines and is in fact equivalent to the forward auto-regressive modeling approach for linear systems analysis, itself a subset of the autoregressive moving average (ARMA) model.
In addition to the DMD analysis, the proper orthogonal modes (POM) of the surface pressure results were also estimated. Proper orthogonal decomposition, or principal component analysis, Karhunen-Loève transform, etc., is used to identify coherent structures in a series of data snapshots. These coherent structures can be used in reduced order modeling where for instance the dynamical system is projected onto a truncated, compact set of retained modes. These modes are calculated as follows 26 . First, a surface pressure correlation matrix is formed:
where the columns of V N are the spatial coordinates while the rows represent the time components. The POMs are next calculated from an Eigen-analysis of the correlation matrix:
with POMs = [Ψ 1 , Ψ 2 , ..., Ψ n ]. Equivalently, the left singular vectors of the data snapshot matrix V N also contain the proper orthogonal modes 24 . Both the DMD and POM methods were used in the analysis of the surface pressure data in an initial attempt to characterize the overall surface-pressure conditions. A benefit of the DMD analysis is that the resulting modes have an associated frequency and damping and can therefore be related to the surface displacement dynamics. Figure 6 displays the time history and PSD for the single point denoted in Figure 5 . Also displayed is the dynamic mode (DMD) for the full image calculated at the spectral peak of 290 Hz. Note that this frequency corresponds to the first panel mode displayed in Figure 4 . Other than the leading edge periodicity, the dynamic mode in this case displays some interesting striations the authors believe may be a function of the applied PSP. Also displayed in Figure 6 are the normalized magnitudes for several key dynamic modes again from the full-panel snapshot analysis. One interesting observation is the very low frequency oscillations (~9 Hz) in the time history and frequency domain of Figure 6 .
Approved for public release; distribution unlimited. Next, a smaller region of the full-PSP image was considered for the DMD analysis. This smaller region is the "box" region noted in Figure 5 and away from the possible inconsistencies in the applied PSP. Figure 7 and Figure  8 display the first eight proper orthogonal and dynamic modes corresponding to this region respectively. Approved for public release; distribution unlimited. One issue with using the dynamic modes to characterize the present surface pressure results was the preponderance of low-frequency content from the wind tunnel. In fact, the low frequency tunnel dynamic modes dominated the results, with the exception of the 300 Hz mode. To investigate the tunnel noise issue, consider the tunnel and testarticle spectral content of Figure 9 . The PSP and DIC measurements on the compliant panel are from the center of the panel. Additional DIC results are shown for the reference point on the frame as shown in Figure 9 as well as the transverse tunnel displacement up-stream of the compliant panel derived from integrating the accelerometer data. When using the DIC data to obtain operational mode shapes, the DIC reference point is subtracted from the compliant panel DIC data to remove rigid body (tunnel) movement. However, it is instructive from a tunnel-noise perspective to look at the separate and disparate signals. The noise floor in the DIC measurements is readily apparent in the reference point measurement requiring the use of the accelerometer at the higher frequencies. A current challenge for the processing of the data is to distinguish contributions from the flow and panel movement from those of the tunnel at the lower frequencies. Naguib et al. presented an effective strategy for removing coherent content from time domain pressure signals using an optimal Wiener filter 27 . This, along with the methods proposed by Beresh et al. 28, 29 are being investigated. Approved for public release; distribution unlimited. The use of PSP as a method to obtain the full field dynamic pressure provides unique insight for the interaction of a turbulent boundary layer with a compliant structure. However, it is not without its own set of challenges and issues. Recently Beresh et al. provided some useful insights into the measurement and data reduction for the condition of a turbulent boundary layer on a tunnel sidewall at Mach 3.0. 28, 29 As they pointed out, an important feature in the measurement process of the turbulent boundary layer is the spatial size of the measurement area, the convection velocity near the wall, and the sampling frequency of the sensor. For the low-frequency measurements taken herein, the interaction of the spatial sensor size and the sampling frequency do not interact in a way to establish the cut off frequency of the measurement. However, each pixel in the image can be considered a square transducer with a measurement area of 0.077 mm 2 , much smaller than the measurement area of a traditional Kulite sensor. In order to gain some insight into the effect of increasing the measurement size, a series of increasingly sized square-areas were averaged from the PSP data, monitoring the corresponding frequency content of the respective measurement. A different shock generator position, resulting in the shock impingement near the panel mid-point, was selected for this analysis. Unlike the flow condition/shock generator position of Figure 5 , the present case provided a significant amount of area both up-and down-stream of the shock impingement region. Starting with an un-averaged PSP image as shown in Figure 10 , four spatial locations were selected. Note that the numbers on the X-and Y-axes correspond to discrete pixels in the image. The first location is at the leading edge of the panel with respect to the flow direction. The second location was chosen just prior to the shock while the third was chosen in the middle of the shock. The final location was chosen farthest downstream. All points were in the centerline of the panel. In generating the spectral content of each point/area (PSD's), 14.5 seconds of data at the sampling rate of 4,000 Hz was used. The data was windowed using a Hanning function and a block size of 4096 sample points with averaging taking place using 50% overlap. This resulted in the PSD of the PSP data being averaged temporally 27 times. For comparison, Figure 11 shows the customary results from PSP where a 9 by 9 pixel moving average is used to smooth the data, and it should be noted that the data was in this form for the DMD analysis. Figure 11 . As expected, an increase in measurement area resulted in less peak-to-peak variation. This is observed in the time history results, with little difference seen between the 7 by 7 and 11 by 11 pixel areas. The corresponding measurement size of a 3 by 3 pixel area is 0.833 mm square (0.7 mm 2 ), the 7 by 7 is 1.94 mm square (3.8 mm 2 ), and the 11 by 11 is 3.05 mm square (9.3 mm 2 ). In Figure 12 , the location at the leading edge displays some interesting behavior. The panel movement should be small and hence the velocity of the plate should be small. However, the frequency content of the pressure corresponds directly to the dynamic content of the panel response. As the location is changed to Approved for public release; distribution unlimited. 13 position 3, this behavior is overwhelmed by the strength of the shock. At location 4, down-stream of the shock front, a low frequency beating phenomena shows up in the 3 by 3 average (see the time history) yet is averaged out in the larger spatial averages. Additionally, the static pressure observed in the 11 by 11 average is greater than the 7 by 7 average easily seen in the time domain. This increase in static pressure was uncharacteristic of all other observations made to this point in this study. So in addition to removing unwanted measurement noise, selecting an optimal PSP "sensor size" is an ongoing area of study. Approved for public release; distribution unlimited. 
IV. Future Work
The U.S. Air Force is interested in testing and fielding hypersonic vehicles, and yet significant research needs to be done to better understand this harsh environment and those environmental interactions with the vehicle. The present experimental investigation was initiated to study the impact of a turbulent boundary layer, and a shock impingement, on the dynamic response of an aircraft-like dynamic panel. Several new experimental techniques were used to measure both the full-field input (surface pressure) and response (displacement) using novel optical techniques (DIC and PSP). These full-field techniques afforded the authors the ability to study the coherent structures in both Approved for public release; distribution unlimited.
instances: operational modal analysis, proper orthogonal decomposition, and dynamic mode decomposition. It was also noted that the PSP surface pressure data requires averaging to quell spurious noise. Future work is planned to implement a more robust form of the dynamic mode decomposition by filtering the pressure snapshots via both a spatial average as well as using singular value decomposition to remove experimental "contamination". In this way, the snapshot data is projected onto a truncated set of proper orthogonal modes. These more robust pre-processing steps, along with the use of adaptive time-domain filters, will be effective in mitigating experimental noise. Once a sufficient and compact set of surface pressure modes are identified, this basis can be used as inputs to a nonlinear structural reduced order model. 26 It would be desirable to couple the reduced-order structural model to a corresponding aerodynamic surrogate model and study the effects of the various flow conditions offered in the RC-19 facility.
